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Sepsis, a clinical syndrome occurring in patients following infection or injury, is a leading cause of morbidity
and mortality worldwide. Current immunological mechanisms do not explain the basis of cellular dysfunction
and organ failure, the ultimate cause of death. Here we review current dogma and argue that it is time to delineate novel immunometabolic and neurophysiological mechanisms underlying the altered cellular bioenergetics and failure of epithelial and endothelial barriers that produce organ dysfunction and death. These
mechanisms might hold the key to future therapeutic strategies.
Introduction
Sepsis, the quintessential medical disorder of the 21st century, is
the most frequent cause of death in hospitalized patients. It is a
direct consequence of the current medical and surgical capability to effectively care for critically ill patients who, until relatively
recently, would have died. It accounts for 1,000,000 cases and
200,000 deaths annually in the United States alone, but unlike
other major epidemic illnesses, treatment for sepsis is nonspecific, limited primarily to support of organ function and administration of intravenous fluids, antibiotics, and oxygen (Angus and
van der Poll, 2013). There are no approved drugs that specifically
target sepsis. It drains billions of dollars from the healthcare
system annually, expenses most often incurred during weeksor months-long stays in intensive care units. The necessity for
effective therapeutic approaches to this catastrophic illness
cannot be overstated.
Sepsis is a syndrome, not a disease (Vincent et al., 2013). It
often occurs in patients with infection, but not exclusively: as
many as 40% of cases occur during sterile tissue injury arising
from noninfectious sources such as pancreatitis, ischemia reperfusion injury, cancer, and a host of other disorders. Although
sepsis occurs sporadically in previously healthy patients, potentially with tragic results (Dwyer, 2012), it most often occurs in patients with underlying disabilities or illnesses. There is no typical
patient with sepsis; it strikes across age groups, without regard
to race, geography, or health status. The combined number of
variables that influence whether a patient survives or succumbs
is poorly understood.
Here we argue that sepsis is not a stereotypical, steadily progressive immunological process that follows infection or injury;
that innate and adaptive immune responses do not inevitably
damage host cells; and that the long-held notion that sepsis
is a distinct immunological disorder is incorrect. Rather, understanding sepsis requires reframing the research focus to identify immunometabolic and neurophysiological mechanisms of
cellular and organ dysfunction. This approach might hold the
key to future therapeutic strategies.
Epidemiological and Historical Perspective
‘‘Sepsis’’ is an imprecise clinical diagnostic term used to
describe patients that have a continuum of abnormalities in

organ function (Vincent et al., 2013). The modern terminology
applied to this syndrome originated from a 1991 Consensus
Conference that defined ‘‘sepsis’’ as documented or suspected
infection combined with two or more abnormalities in body temperature, heart rate, respiratory rate, or white blood cell count
(Bone et al., 1992). Moreover, patients with sepsis and evidence
of organ dysfunction, including cardiovascular, renal, hepatic,
or neurological were classified as having ‘‘severe sepsis,’’ and
those with cardiovascular dysfunction not responsive to fluid
were said to have ‘‘septic shock.’’ In a revision published a
decade later, septic shock was also defined to include evidence
of inadequate tissue perfusion. It has recently been recognized
that patients with sepsis or septic shock can develop ‘‘persistent
critical illness’’ (PCI) with overt organ dysfunction that lasts for
weeks or months. The emergence of PCI is a historically recent
event; previously, these patients would have died, but today
they survive because of exogenously supported organ function.
The mortality from PCI is 20%–40%, and survivors are frequently
disabled by cognitive dysfunction, neuropathies and myopathies, immunological dysfunction, and other complications.
Although the acute mortality from sepsis, severe sepsis, and
septic shock has been reduced to a historically low frequency
(15%–20%) (Kaukonen et al., 2014), annually some 500,000
new cases enter the survivor pool; these survivors are at risk
for early death, with 5 year mortality rates as high as 75% (Iwashyna et al., 2010). Thus, in the United States currently there
are more than 2.5 million individual survivors at extremely high
risk of morbidity and mortality because of their prior experience
of severe sepsis or PCI.
Until the latter part of the 20th century, the principal research
focus and mechanistic understanding of sepsis pathogenesis
was directed toward controlling the spread of pathogens. This
perspective shifted to the immune system in the early 1980s,
when macrophage activation and release of tumor necrosis
factor (TNF) and other mediators was implicated in the pathogenesis of acute septic shock. A series of highly cited studies
then established that TNF was both necessary and sufficient to
mediate acute septic shock (Tracey et al., 1986, 1987). Monoclonal antibodies to TNF administered to baboons infected
with live E. coli prevented the development of acutely lethal
septic shock despite the presence of replicating bacteria in
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leukin-1 [anti-IL-1], and anti-IL-6) now administered to millions
of patients with rheumatoid arthritis, inflammatory bowel disease, and other disorders. The search for the molecular mechanism of septic shock culminated in products whose worldwide
sales currently exceed $50 billion per year. Moreover, as ongoing
investigations reveal other indications for treating patients with
diseases attributable to inflammatory and autoimmune mechanisms, the use of these agents is likely to grow (Chan and Carter,
2010). Despite these gains derived from studying septic shock in
animals, the original objective of developing mechanism-based
therapy for sepsis has not been achieved. Is there hope that it
can be solved?

Figure 1. Intracellular and Extracellular ‘‘Danger Signals’’ Activate
Inflammasomes and Signalosomes
Intracellular or extracellular ‘‘danger signals,’’ which stimulate cellular responses that disrupt homeostatic immunometabolic mechanisms, are mediated by pattern-recognition receptors (PPRs). PPRs recognize two types of
patterns—those that reflect cellular damage (DAMPs) and those that are found
on pathogens (PAMPs). Pathogens or DAMPs (i.e., K+ overload secondary to
ionizing radiation of excessive reactive oxygen species, excessive quantities
of intracellular debris, such as damaged protein, organelle content such as
RNA, mitochondrial DNA, or cytochrome c) that are intracellular bind to
PPRs of the platform protein family, primarily nucleotide-binding domain
and leucine-rich-repeat-containing proteins (NLRs) and RIG-like receptors
(RLRs). NLRs oligimerize and, via a connector protein, bind to pro-caspase-1
to form structures called inflammasomes. In addition, HMGB1 binds nucleic
acids and is a universal sentinel for the presence of intracellular viral products.
Viral RNAs containing non-Watson-Crick short sections of dsRNA bind to
and regulate PKR, which participates in inflammasome activation. Activated
inflammasomes cleave pro-caspase-1 to caspase-1, which in turn cleaves
pro-IL-1b and pro-IL-18 to their biologically active forms. Extracellular
DAMPs (extruded intracellular structures or autophagosomes) or PAMPs
can find their way back into the cell, further stimulating inflammasome activity.
In somatic (nonimmune) cells, activation of inflammasome signaling is also
induced in response to immunometabolic substrates, energy deficiency, or ER
stress.

the bloodstream, establishing that TNF, not bacteria, mediated
acute shock and lethal tissue injury (Tracey et al., 1987; Tracey
et al., 1986). Although the shock syndrome represents only a
relatively small subset of the larger population of sepsis patients,
these results engendered widespread hope that targeting
mediators produced by the effector arm of the innate immune
system would lead to therapies for all patients with sepsis.
Unfortunately, clinical trials of anti-TNF in patients with acute
shock were never performed. Instead, for reasons reflecting
the inherent difficulty with early diagnosis and influenced by
business expediency rather than scientific rigor, ill-conceived attempts were made to deploy TNF inhibitors without regard for
the presence of shock or even of TNF itself (Marshall, 2008).
Costly clinical trials using antibodies and other agents to inhibit
TNF in diversely heterogeneous patients with severe sepsis or
PCI not surprisingly failed to improve overall mortality.
Nonetheless, these early efforts produced a new class of clinically useful biological agents (including anti-TNF, anti-inter464 Immunity 40, April 17, 2014 ª2014 Elsevier Inc.

Failure of Homeostasis
Here we review the evidence that unlike septic shock (mediated
by TNF), severe sepsis, and PCI are not immunopathologies
mediated directly by the immune system. Rather, they are syndromes more properly defined as ‘‘a failure of homeostasis,’’
i.e., ‘‘an inability for the organism or cell to maintain internal equilibrium by adjusting its physiological processes under fluctuating environmental conditions in response to infection or injury.’’
Invertebrates and higher, multicellular organisms are subject to
internal and external environmental stressors. Health is characterized by a state during which individual cells minimize fluctuation around ‘‘ideal’’ intracellular electrochemical and metabolic
steady states. Homeostasis reflects the individual cell’s fundamental imperative to respond to stress and survive. The specific
processes needed to maintain homeostasis include a barrier that
separates the milieu interior from the world at large, by the ability
to sense extracellular changes that threaten equilibrium, by
effector mechanisms that respond to sensory input to regulate
metabolic and cellular function, by mechanisms to eliminate
invaders or endogenous cellular constituents that can no longer
contribute to internal stability, by processes to recycle cellular
substrate, and by mechanisms for cell self-destruction when
survival is no longer possible.
Immunity, the state of having sufficient biological defenses to
avoid infection, disease, or other unwanted biological invasion, is
highly dependent upon a homeostatic or balanced response to
infection and injury. Considered in this light, the immune system
can mediate immunopathology directly, as in the case of excessive TNF mediating acute septic shock (which is not ‘‘sepsis’’), or
autoantibodies mediating renal failure during autoimmunity.
These are examples of a failure of ‘‘immunity’’ to restore homeostasis that results in excessive, deleterious consequences. At
the other extreme of failed homeostasis, excessive immunosuppression might render the host exquisitely susceptible to infection or cancer. Immunity preserves homeostasis by establishing
a healthy balance in between immunopathology and immunosuppression.
In many instances, perturbed homeostasis evokes autophagy,
a process that removes or recycles damaged proteins or organelles. When autophagy proves to be insufficient, activation of
innate immunity initiates inflammation via recently uncovered
mechanisms (Figure 1). Danger-associated molecule patterns
(DAMPs, or alarmins) derived from host products within cells
are sensed by the genome encoded retinoic acid inducible
gene 1–like receptors (RLRs) and nucleotide-binding oligomerization domain-like receptors (NLRs), a process that leads to
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the assembly of inflammasomes, cytosolic complexes that, by
activating caspase-1, produce active IL-1 and IL-18 for secretion
into the extracellular space. A key step in inflammasome assembly is the phosphorylation of double-stranded RNA-dependent
protein kinase (PKR, also known as EIF2AK2), a process triggered by DAMPs and pathogen-associated molecular patterns
(PAMPs) (Lu et al., 2012). The endogenous products of cell injury
and IL-1 and IL-18 become extracellular DAMPs and, in concert
with PAMPs derived from foreign products, stimulate Toll-like
receptors (TLRs), C-type lectin receptors (CLRs), and receptor
of advanced glycation end products (RAGE) to catalyze the
formation of cell surface signalosomes. Prototypical DAMPs
implicated in sepsis pathogenesis include high-mobility group
protein B1 (HMGB1), S100 proteins, and extracellular RNA,
DNA, and histones. Activation of signalosomes and inflammasomes mediate the onset of apoptosis, endoplasmic reticulum
(ER) stress and other metabolic responses, cell proliferation,
and expression of genes encoding TNF and other cytokines
(Figure 1). Inflammasomes mediate the release of HMGB1, IL1b, and IL-18, which are secreted into the extracellular space
and function to amplify the innate immune response (Lu et al.,
2012; Lamkanfi et al., 2010; Schroder et al., 2010). Inflammasomes also mediate pyroptosis, a form of programmed cell
death that scatters additional cell components and contents
into the extracellular space (Wree et al., 2014). This debris includes mitochondrial DNA, cytochrome C, and heat-shock proteins functioning as DAMPs. The release of DAMPs and alarmins
during sterile injury, ischemia, or trauma incites pathogenic
mechanisms of multiple organ dysfunction that do not distinguish between infectious and noninfectious illness (Andersson
and Tracey, 2011). Ultimately, components of the innate immune
response activate adaptive immunity.
Inflammation resolution is essential to maintain immunological
homeostasis and health. Mechanisms that promote resolution
include release of anti-inflammatory mediators that suppress
inflammation, the deployment of decoy receptors that interfere
with inflammatory mediator activity, the secretion of resolvins
that accelerate the efflux of inflammatory cells and debris, and
feedback from the nervous system that suppresses the release
of inflammatory mediators and stimulates the release of resolvins (Nathan and Ding, 2010; Schwab et al., 2007; Medzhitov,
2010; Andersson and Tracey, 2012a). The coordination of inflammation and its resolution involves the major homeostatic regulatory systems that sense environmental changes and regulate
organ function: the nervous and immune systems (Andersson
and Tracey, 2012b). Impairment or dysfunction of these systems
converts a balanced immune response into a state of failed
homeostasis and immunopathology. In this context, the impact
of inflammation on the host cannot be fully understood as an
isolated function of bone-marrow-derived cells; rather, it reflects
the combined activity of the nervous and immune systems that
prevents immunopathology by maintaining homeostasis. Feedback interaction between the immune and nervous systems
orchestrate the complex responses that allow higher organisms
to function as an integrated unit. Restoration of homeostasis
during inflammation occurs when the interaction between
these systems produces a balanced, highly adaptive response
that can eliminate threats, repair damage, restore organ function
and metabolism to normal setpoints, and create memories

of the events to optimize subsequent neural and immune
responsiveness.
Neurological and Immunological Feedback Systems
Sepsis should not be exclusively considered as the immunological response to injury or infection because the origins of
impaired homeostasis also involve critical regulatory neuroendocrine mechanisms. The regulatory feedback loops that link the
immune, neuroendocrine, and nervous systems comprise two
components: an afferent (sensory) and an efferent (regulatory)
arm. Afferent neural systems affect neuroendocrine output,
which is also modulated by cytokine and hormone transfer
across the attenuated blood-brain barrier of the pituitary portal
system. The efferent arm of the nervous system is best exemplified by the ‘‘inflammatory reflex’’, whereas neuroendocrine feedback systems are well-known (Figure 2). The efferent arm of the
immune system comprises the two divisions, the innate and the
adaptive. Impairment of homeostasis in afferent and efferent
signaling in both the immune and nervous systems are the hallmark of shock, severe sepsis, and PCI, each of which will be
considered separately.
When the host is challenged by exposure to LPS, the acutely
enhanced release of TNF and other mediators by macrophages,
monocytes, and dendritic cells produces diminished tissue
perfusion (shock), tissue injury, and acute organ failure, even in
the absence of infection. The afferent, sensory pathway in the
innate immune system modulates the magnitude of the TNF
response to LPS. Within species, genetic variation of receptor
mechanisms and signal transduction molecules influences
the sensitivity to LPS and the magnitude of the TNF response.
Genetic deficiency of TLR4, MD2, or HMGB1, and other molecules implicated in the sensing and signal transduction mechanisms of LPS responsiveness each confer protection against
LPS-mediated TNF release, and therefore, protect against shock
(O’Neill et al., 2013; Kawai and Akira, 2011; Yanai et al., 2009).
The nervous system also directly influences the capacity of the
immune system to produce TNF and the host sensitivity to LPS
as well (Andersson and Tracey, 2012a).
LPS, other bacterial toxins, TNF, IL-1, and other host mediators
all interact directly with sensory neurons to mediate the generation of afferent action potentials that rise in the sensory vagus
nerve to terminate in the nucleus tractus solataris in the brainstem
(Figure 2). These afferent signals are required to induce fever,
sickness behavior, and other neurological inflammatory responses. Seminal experiments by Linda Watkins demonstrated
that the fever response in rodents mediated by administration
of intra-abdominal IL-1 requires functional sensory vagus nerve
signals (Watkins et al., 1995). Signal transduction mechanisms
in this IL-1-mediated vagus nerve activation have been attributed
to IL-1 receptors expressed in sensory neurons and in glomus
cells that reside along the vagus nerve pathway to the brain
(Goehler et al., 1997). Direct IL-1 receptor ligand interaction in
neurons modulates neuronal firing, and glomus cell release of
dopamine and other neurotransmitters also modulates vagus
nerve sensory signals (Binshtok et al., 2008; Chiu et al., 2012).
Recordings of IL-1-mediated sensory neural spikes has traced
their progression from the sensory vagus nerve to the brainstem,
which regulates efferent responses via the hypothalamic-pituitary-adrenal axis and via descending neural signals in the vagus
Immunity 40, April 17, 2014 ª2014 Elsevier Inc. 465
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Figure 2. Neuroendocrine Afferent and Efferent Pathways Restore Homeostasis
Inflammatory signals arising in organs are conducted along the afferent vagus nerve to the nucleus tractus solitaries of the brainstem. Sensory impulses from
somatic tissue generate electrical impulses that are modulated in the dorsal root ganglia (DRG) and relayed via the spinal cord to nuclei in the brainstem and
hypothalamus. Descending neuronal impulses are conducted in both the efferent vagus nerve and the sympathetic chain. Vagal signals terminate in the celiac
ganglion and interact with adrenergic nerve-cell bodies that project distally via the splenic nerve. The termini of these nerves in the spleen release norepinephrine
(NE) that in turn stimulates T cells expressing choline acetyltransferase (ChAT), enhancing acetylcholine (Ach) biosynthesis. Ach interacts with a7nACh receptors
(a7nAChRs) on macrophages, suppressing NF-kB activation and limiting inflammatory cytokine expression and release. Activation of the sympathetic chain leads
to release of NE in target tissues. NE stimulation of alpha adrenergic receptors enhances, whereas beta-adrenergic receptor stimulation suppresses cytokine
release. Vagal impulses also modulate dopamine release by the adrenal medulla. Stimulation of D1 receptors on monocytes and macrophages limit
cytokine expression and/or release. Inflammatory afferents affecting the endocrine system arise from (1) signals carried via the afferent neuronal pathways, (2)
cytokine transfer across the attenuated blood-brain barrier of the hypothalamic-pituitary junction, and (3) direct cytokine production by cells of the CNS. CNS
factors that modulate cytokine production and release in the brain include malanocyte-stimulating hormone (MSH), thyroid stimulating hormone (TSH), glucocorticoids, leptin, ghrelin, and adrenocorticotropin (ACTH). Hypothalamic responses to cytokines alter the release of ACTH, TSH, prolactin (PRO), growth
hormone (GH), and follicle stimulating hormone. Monocyte and macrophage activity, including cytokine production, and is altered by thyroid hormones (T3, T4),
while both T and B cells function are decreased by estradiols (EST) and increased by androgens (AND). GH, prolactin, and insulin stimulate T cell activity.

and other nerves (Niijima, 1996; Niijima et al., 1991). Recently,
Woolf and colleagues discovered the neural mechanisms in
peripheral tissues that underlie calcium influx and neural spiking
mediated by the direct interaction of bacterial N-formylated peptides and the pore-forming toxin a-haemolysin (Chiu et al., 2013).
The sensory neural net enshrouds nearly every somatic cell in
the body, as well as the blood vessels and the epithelial lining
of the body’s external surfaces. By sensing infection and injury
independent of the innate immune system sensing pathways,
466 Immunity 40, April 17, 2014 ª2014 Elsevier Inc.

the sensory neural network shares the front line with the innate
immune system (Chiu et al., 2012, 2013).
The inflammatory reflex is a prototypical, major efferent neural pathway that modulates TNF release in response to LPS
(Figure 2) (Tracey, 2002, 2009; Borovikova et al., 2000). Efferent
signals arising in the brainstem descend in the vagus nerve to
terminate in the celiac ganglion, wherein resides the adrenergic
nerve cell bodies of the splenic nerve (Rosas-Ballina et al.,
2008). At the splenic nerve terminus in spleen, norepinephrine
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released by axons interacts with a subset of T cells that express
choline acetyl transferase, the rate-limiting enzyme for the
biosynthesis of acetylcholine (Rosas-Ballina et al., 2011). Acetylcholine produced by these T cells interacts with the a7nicotinic
acetylcholine receptor (a7nAChR) expressed on red pulp and
marginal zone macrophages. Signal transduction via a7 suppresses nuclear translocation of NF-kB, stabilizes mitochondrial
membranes, and inhibits activation of inflammasomes, which
inhibits release of TNF, IL-1b, HMGB1, and other cytokines (Lu
et al., 2012; Wang et al., 2003, 2004). Cutting the vagus or splenic
nerves, genetically ablating a7nAChR, or pharmacologically inhibiting signals along this pathway all enhance cytokine release
and the increase the severity of of lethal shock and tissue injury
(Bernik et al., 2002; Borovikova et al., 2000; Rosas-Ballina et al.,
2008; Wang et al., 2003).
Neural signals can also descend from the brainstem via the
sympathetic chain, culminating in the release of adrenergic neurotransmitters in tissues that interact with innate immune cells
expressing alpha-adrenergic and beta-adrenergic receptors to
modulate cytokine release (Bosmann and Ward, 2013). Another
efferent neural circuit modulating the cytokine response to LPS
comprises vagus nerve signals to the adrenal gland that releases
dopamine. Ligand interaction with D1 receptors expressed
on monocytes and macrophages attenuates TNF and other
cytokine responses to LPS (Torres-Rosas et al., 2014). The
magnitude of the TNF response to LPS is also highly regulated
by the efferent neuroendocrine arm of the nervous system.
Impaired neuroendocrine function by experimental adrenalectomy or hypophysectomy, or by administration of pharmacological hormone antagonists, renders the host exquisitely sensitive
to injury and death by logarithmically enhancing the magnitude
of the TNF response (Thayer and Sternberg, 2010). Together,
these findings indicate that the risk of developing severe shock
and tissue injury following acute exposure to LPS is highly
dependent upon the pre-existing functional state of neurological
afferent and efferent pathways that regulate the innate immune
system by reflexively controlled neural circuits.
Extrapolating mechanisms of afferent and efferent immune
and neural feedback circuits to patients either at risk for, or experiencing, septic shock is exceedingly complex. Risk assessment
can theoretically identify subjects with allelic variants that predispose to enhanced immune sensory or effector functions.
For example, individual variations in the TLR4 and TNF genes
influence the magnitude of monocyte and macrophage TNF
release during endotoxin exposure. There is wide variability between patients in vagus nerve signaling pathways, as observed
by recording heart-rate variability as a measure of autonomic
neural function. Diminished vagus nerve signals predispose to
excessive or nonresolving inflammation, as evidenced by clinical
findings of enhanced mortality from shock in patients presenting
the hospital with depressed vagus nerve activity and signs of
infection (Barnaby et al., 2002) (Ahmad et al., 2009). Administration of endotoxin to human volunteers increases heart-rate
variability, indicating that endotoxin modulates vagus nerve
efferent activity which in turn regulates TNF release (Lehrer
et al., 2010). Assessing these and other functional states of
feedback systems operating as an integrated physiological
network is difficult, at best, and beyond the capabilities of the
current clinical enterprise.

From the immunology research perspective, dissecting the
mechanisms of intersecting homeostatic neural and immune
systems is crucial, but this cannot be fully accomplished
in vitro, because isolated cellular approaches do not replicate
the controller networks. Consider the simple example of studying mechanisms of TNF release in isolated monocytes and
macrophages, which produce TNF and other LPS-stimulated
mediators at rates 100 to 100,000 times higher in tissue culture
systems than in vivo. Once isolated from the efferent controlling
loops, individual cells are not subjected to counter-regulatory
control by the redundant neural-, neuroendocrine-, and immune-derived inhibitory signals that are normally operative
in vivo. A balanced, self-resolving, noninjurious TNF response
to acute endotoxin exposure can only occur when communication between the major afferent and efferent arms of the nervous
and immune system is maintained. Thus, the immunopathology
mechanisms of acute shock are not restricted to the immune
system because the dysfunctional homeostasis process underlying excessive TNF release also involves the afferent and
efferent neural signaling systems.
Although understanding these regulatory feedback loops in
shock is complex, the situation is even more complicated in
severe sepsis and PCI. Widespread failure of homeostasis, the
sine quo non of severe sepsis and PCI, occurs in most, if not
all, components of the afferent and efferent arms of the immune
and nervous systems. Recent advances in immunology and
neuroscience have elucidated several impaired signaling
mechanisms during severe sepsis that will be discussed in order
to inform a model.
A consistent finding in animals and patients with severe
sepsis is that monocytes-macrophages are tolerant, i.e.,
exhibit diminished capacity to respond to LPS and other
PAMPs and DAMPs. This observation has been reproducibly
reported in studies of whole-blood organ culture, in which
LPS, HMGB1, or other stimulating agents are added directly
into fresh whole blood obtained from patients (Cavaillon and
Adib-Conquy, 2006; Monneret et al., 2008). When compared
to healthy subjects, the release of TNF, IL-1, and other mediators by monocytes in blood from patients with severe sepsis is
suppressed by 80%–90%. This sensitivity defect is not
restricted to LPS, because challenging monocytes from severe
sepsis patients with other immune stimulators all produce a
similar magnitude of attenuated cytokine release (Cavaillon
and Adib-Conquy, 2006; Monneret et al., 2008). The mechanism of this tolerant state is unknown but might include downmodulation of TLR4 expression, impairment of NF-kB signaling,
and differentiation to the alternatively activated phenotype
or M2 status (Monneret et al., 2008; Iskander et al., 2013).
Analysis of postmortem tissues indicates that cytokine responses are depressed in cells harvested from spleen and
lung (Boomer et al., 2011). Small clinical trials indicate that it
might be possible to enhance monocyte cytokine production
and human leukocyte antigen-DR (HLADR) expression and
increase numbers of IL-17-expressing CD4+ T cells by administration of granulocyte macrophage-colony stimulating factor
(GM-CSF) or interferon gamma, but whether this improves
organ function, physiological homeostasis, or survival is an unproven hypothesis (Meisel et al., 2009; Nierhaus et al., 2003;
Monneret et al., 2008).
Immunity 40, April 17, 2014 ª2014 Elsevier Inc. 467
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Impaired responsiveness to products of injury and infection is
not restricted to the monocyte lineage because abundant evidence indicates that T and B cells are also resistant to activation
and proliferation (Monneret et al., 2008). HLA-DR expression is
decreased; enhanced apoptosis of B cells, CD4+ T cells, and
follicular dendritic cells also occurs (Sarkar et al., 2006). This
corresponds with decreased numbers of circulating CD4+ T
lymphocytes in peripheral blood of severe sepsis patients
and decreased immunohistochemically detectable numbers of
B and T cells in postmortem spleen obtained from severe
sepsis victims (Inoue et al., 2013; Boomer et al., 2011; Felmet
et al., 2005). The numbers of CD4+CD25+ regulatory T cells is
increased, the expression of cytotoxic T lymphocyte associated
antigen (CTLA)-4-D152, which has been implicated as inhibitory
costimulatory ligand, is enhanced, and CD86 is suppressed in
T lymphocytes from severe sepsis patients (Stearns-Kurosawa
et al., 2011). T cell proliferation in response to antigen, and
delayed type hypersensitivity to measles and mumps are
depressed during severe sepsis and PCI. In addition to the increases in T regulatory cell counts, the numbers of myeloidderived suppressor cells are also increased in sepsis (Iskander
et al., 2013). Analysis of postmortem tissues reveals that expression of the inhibitory receptors programmed cell death 1 (PD-1)
are increased in spleen and lung tissue and T regulatory and
myeloid derived suppressor cell counts enhanced (Boomer
et al., 2011). These findings indicate that immune homeostasis
is impaired, a state that has been widely described as ‘‘immunosuppression’’ and ‘‘T cell exhaustion.’’
It remains highly speculative whether there is a causal role for
immunosuppression in the development of impaired organ function and lethality in severe sepsis and PCI. There is correlative
evidence that increased lymphocyte apoptosis in the spleen
and other lymphoid organs victims is associated with decreased
lymphocyte number in peripheral blood, and that the presence of
apoptotic lymphocytes might contribute to anergy in monocytes
and dendritic cells (Monneret et al., 2008). It is entirely logical that
the observed homeostatic derangements in lymphocyte viability
and function render patients immunosuppressed, but uncontrolled infection does not occur in 20%–50% of lethal cases.
Blood cultures are sterile in 75% of lethal cases, and abundant
evidence indicates that antibiotics and surgery, although sufficient to reverse the source of active infection, are insufficient
to prevent organ dysfunction and death. The nomenclature of
‘‘immunosuppression’’ in sepsis has also been used to describe
the increased incidence of organisms such as Pseudomonas
and Candida that are only rarely found in immunocompetent
patients. Reactivation of viruses, including cytomegalovirus
and herpes simplex virus (HSV), has been demonstrated in up
to a third of patients with severe sepsis, but missing from this
‘‘immunosuppression hypothesis’’ of sepsis is a mechanism linking impaired immunity to organ dysfunction and mortality. Postmortem analysis of organ specimens from severe sepsis and
PCI reveals a remarkable absence of inflammation, necrosis,
apoptosis, cell injury, cytoskeletal rearrangements, ischemia,
or microvascular coagulopathy (Stearns-Kurosawa et al.,
2011). The histopathology in the majority of lethal cases is striking for its blandness and absence of pathogens. Apoptosis of
CD4+ and CD8+ T and B lymphocytes occurs in the spleen,
thymus, lymph nodes, and gastrointestinal-associated lymphoid
468 Immunity 40, April 17, 2014 ª2014 Elsevier Inc.

tissue, but evidence of inflammation, immunopathology, or cytolytic damage is lacking.
Thus, it has been clearly established that patients with severe
sepsis have impaired afferent and effector signaling in the immune system. However, unanswered questions remain because
a causative link or mechanism between sensory and effector
immunosuppression and the development of organ damage
and lethality has not been established. It is plausible, if not likely,
that the presence of nonpathogenic organisms attributed to
‘‘immunosuppression’’ is a biomarker of impaired organ function
and homeostatic dysfunction, not the mechanistic cause of
organ dysfunction, and not the cause of death. Having reviewed
the importance of impaired homeostasis in the immunopathology of acute septic shock, and the evidence that afferent
and efferent signaling in the immune system is impaired in severe
sepsis, it is now important to consider mechanisms of impaired
neurological homeostatic in severe sepsis and PCI.
Abundant evidence implicates impaired signaling in afferent
and efferent neural pathways that normally maintain homeostasis in the immune system and other organs. During severe
sepsis, dorsal root ganglion cells function to transfer sensory
information about temperature, stretch, and osmolarity to the
brainstem. These sensory neurons are also activated by exposure to cytokines, DAMPs, and PAMPs, and afferent signals
are relayed to the nucleus tractus solatarius and other brainstem
centers that are proximal to the efferent nuclei that regulate the
hypothalamus, pituitary, and the major outflow tracts to the sympathetic chain and vagus nerves (Chiu et al., 2013) (Binshtok
et al., 2008) (Chiu et al., 2012) (Watkins et al., 1995). Cytokines
also modulate postganglionic sympathetic neural activities,
thereby regulating the sensory information in the periphery
prior to transmission to the brain. For example, exposure of
dissociated murine superior mesenteric ganglion neurons to
TNF decreases voltage-gated calcium currents and depolarization-induced Ca2+ influx, by a mechanism attributable to altered
u-conotoxin GVIA-sensitive N-type Ca2+ channel function
(Motagally et al., 2009a, 2009b). IL-1b inhibits norepinephrine
release from adrenergic neurons and modulated the activity of
neuronal NMDA and AMPA receptor signal transduction (Liu
et al., 2013). TNF has been directly implicated as a neuromodulatory factor that establishes synaptic scaling, the process
by which neurons adapt to repetitive stimulation responses
(Stellwagen and Malenka, 2006). LPS, IL-1b, and other PAMPs
and alarmins can directly activate capsacin-sensitive vagus
nerve sensory fibers, dorsal root ganglion neurons, and neurons
residing in the nodose ganglion (Chiu et al., 2013). Axon-axon
reflexes, in which neural impulses send return signals back to
the source tissue via the sensory nerves, culminate in the release
of substance P, CGRP, galanin, somatostatin, and other neuropeptides. These ligands interact with receptors expressed on
monocytes and lymphocytes to regulate the immune function
of these cells (Chiu et al., 2013). Thus, the sensory nervous system, which is positioned to receive input from nearly every cell in
the body, has the requisite molecular mechanisms to monitor not
only the cardiovascular, chemical, mechanical, and metabolic
status of the host but also the immunological status.
The activity of efferent neural pathways that regulate homeostasis is measured in laboratory mammals and humans by
recording continuous electrocardiographs and measuring heart
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sion and G protein link signal transduction (Kumar and Sharma,
2010; Lukewich et al., 2014). Ghrelin decreases in serum during
murine CLP sepsis, whereas ghrelin administration enhances
vagus nerve signaling and decreases cytokine release (Wu
et al., 2007, 2009). These illustrative examples, together with
abundant additional evidence, have established that severe
sepsis is a state of impaired neuroendocrine signaling, and
impaired afferent and efferent neuronal signaling.

Figure 3. Epithelial and Endothelial Barriers Are Disrupted by
HMGB1
DAMPs, and in particular HMGB-1, enhance epithelial permeability by
inducing paracellular gaps and cytoskeletal rearrangement. These changes
occur through decreased expression of the tight-junction proteins occludin,
claudin-1, and ZO-1 as a result of decreased availability of ATP or increased
generation of reactive oxygen species (ROS). It is plausible that decreased
protein expression and loss of intercellular integrity reflect an immune metabolic defect in the generation of energetic substrate. Alternatively, intercellular
barrier failure can occur from damage by reactive oxygen species and
increased production of DAMPs or inflammasome-induced pyroptosis.

rate variability (HRV). Spectral analysis of HRV indicates that
during severe sepsis and PCI there is impairment in vagus nerve
and sympathetic neural signals (Thayer and Lane, 2009) associated with impaired cardiac function, depressed cardiac contractility, increased heart rate, and decreased activity of the
cytokine-inhibiting inflammatory reflex (Frasure-Smith et al.,
2009; Werdan et al., 2009; Buchan et al., 2012). A study examining HRV in emergency room patients found that decreased
vagus nerve activity in patients with sepsis is associated with
an increased risk of developing septic shock, severe sepsis, or
death (Barnaby et al., 2002). Altered HRV increased the risk of
subsequent shock, and decreased vagus nerve activity correlated with increased CRP and decreased IL-10 concentrations,
suggesting that the HRV measures reflect the activity of the inflammatory reflex (Buchan et al., 2012; Chen and Kuo, 2007). It
has also been suggested that pharmacological agents, including
statins and centrally cholinergic agonists, might confer a survival
advantage by enhancing vagus nerve and thereby restoring the
anti-inflammatory activity of the inflammatory reflex (Werdan
et al., 2009; Satapathy et al., 2011; Tracey, 2007).
Sepsis also impairs the efferent functionality of the neuroendocrine system, which limits the capacity of humoral mediators to
modulate the immune system and other organs (Figure 2). These
include impaired conversion of T4 to T3 resulting from decreased
deiodinase activity in target tissues (Ma et al., 2011) and
impaired tissue responsiveness to glucocorticoids, which normally play an important counterregulatory role in attenuating
cytokine release (Thayer, 2009; Thayer and Sternberg, 2010).
Serum catecholamine concentrations are increased in severe
sepsis and PCI, attributed to enhanced tyrosine hydroxylase
activity in the myenteric nervous system of the gut, decreased
expression of norepinephrine transporters, increased concentrations of syntaxin 1A, and reduced adrenergic receptor expres-

Barrier Failures, Impaired Cell Function, and Energetics
Up to this point we have argued that the pathophysiology of
severe sepsis can be described by impaired or dysfunctional
homeostatic regulation by the sensory and effector arms of the
immune and nervous system, that the mechanism of acute septic or endotoxic shock is immunopathology mediated by TNF
released during the acute innate immune response, and that
there is a dearth of evidence supporting an immune-pathologic
mechanism of severe sepsis. However, the mechanism of lethal
organ dysfunction in severe sepsis and PCI remains unknown.
One particularly intriguing hypothesis is termed ‘‘barrier failure’’
(Figure 3). A basic principle of organ function is that homeostasis
is dependent upon the presence of intracellular barriers that
establish gradients between tissue compartments. These provide separation of blood and air in lung, blood and urine in the
kidney, blood and bile in liver, and humoral molecules and the
brain. These barriers are maintained by specialized epithelial
and endothelial cells that actively regulate the movement of
molecules and substrates across the gradients. A hallmark of
impaired homeostasis in severe sepsis is barrier incompetency.
The interface between compartments becomes porous, a defect
that leads to the appearance of hepatic enzymes, bile, renal
creatinine and other substrates in the blood, and to hypoxemia.
Endothelial cell permeability failure underlies leakage of serum
out of the blood and into the tissues, where it accumulates to
produce edema and anasarca. Leakage across the blood-brain
barrier enables cytokines, prostaglandins, and other mediators
to infiltrate the central nervous system; in severe cases, these
leaks are large enough to enable entry of monocytes, lymphocytes, and neutrophils as well.
Two major features of the ‘‘barrier failure’’ hypothesis align
with the evidence from clinical and animal studies of severe
sepsis. First, organ dysfunction in severe sepsis is characterized
by the appearance of cellular substrates in the serum. Second,
barrier failure can occur in the absence of appreciable significant
cell death. Failure can be visualized in experimental systems by
measuring the transit of labeled substrates across barriers or by
electron micrographs that reveal the breakdown of intracellular
barriers (Yang et al., 2006). However, these findings are not
apparent with routine histopathological analysis methods typically performed at postmortem. Thus, this is a mechanism that
can severely impair organ function without leaving many, if
any, visible traces, a finding that corresponds with the results
from postmortems in severe sepsis and PCI victims.
DAMPs and alarmins have been implicated in the mechanisms
of epithelial and endothelial barrier. A prototypical example of
this mechanism is the cytokine-like transcription factor high
mobility group B-1 (HMGB1). Serum HMGB1 accumulation
in response to infection or injury is nearly universally found
in animal studies and clinical investigations of severe sepsis
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Immunity

Review
(Angus et al., 2007; Andersson and Tracey, 2011; Wang et al.,
2004; Wang et al., 2004). As a universal sentinel for infection or
injury, HMGB1 appears as a delayed mediator after the onset
of infection and serum concentrations might remain elevated in
survivors—for up to 30 days in mice, and even longer in humans
(Chavan et al., 2012; Yanai et al., 2012; Yanai et al., 2009).
Inhibition of HMGB1 by administration of specific, neutralizing
monoclonal antibodies or by pharmacological agents that
suppress serum HMGB1 concentrations confers survival
advantages to animals with severe sepsis and protects against
impaired organ function and homeostasis (Qin et al., 2006; Ulloa
et al., 2002; Yang et al., 2004, 2011). HMGB1 is not elevated in
immunodeficient severe combined immunodeficient (SCID)
mice subjected to cecal ligation puncture (CLP), and these
animals are protected from sepsis-induced mortality (Ye et al.,
2012). Reconstitution with human hematopoietic stem cells prior
to CLP in these mice led to elevated serum concentrations of
human HMGB1 and was associated with lethal organ failure
(Ye et al., 2012). Further, the targeted delivery of HMGB1 small
interfering RNA attenuated serum HMGB1, reduced concentrations of other cytokines, prevented human lymphocyte
apoptosis, and conferred protection against lethality (Ye et al.,
2012). Direct administration of HMGB1 gives rise to elevated
serum concentrations of hepatic and renal enzymes, evidence
of organ dysfunction (Wang et al., 1999).
In molecular terms, HMGB1-induced downregulation of
epithelial permeability results from inactivation of Rac and activation of Rho, a process that results in decreased expression
of zonula occludens (ZO1) and occludin, cytoplasmic membrane
proteins that form intercellular tight junctions (Liu et al., 2006;
Sappington et al., 2002; Yang et al., 2006). HMGB1 exposure
impairs endothelial barrier function with the appearance of paracellular gaps and cytoskeletal rearrangement and increased
expression of surface activation markers (Wolfson et al., 2011;
Rao et al., 2007). There are three HMGB1 isoforms, termed disulfide HMGB1, fully reduced HMGB1, and sulfonyl HMGB1, and
each signal through mutually exclusive HMGB1 receptor superfamily members expressed on endothelial and epithelial cells
(Antoine et al., 2014; Venereau et al., 2012; Yang et al., 2012).
These HMGB1-mediated mechanisms of epithelial and endothelial barrier failure are one potential mechanism of sepsis-induced
organ dysfunction.
A second hypothesis for the pathogenic mechanism of organ
dysfunction in severe sepsis and PCI is that impaired bioenergetics, ER stress, and mitochondrial dysfunction underlie organ
dysfunction. This model is consistent with the evidence of bland
histological findings in septic patients and animals. Patients and
animals with severe sepsis have defective function in the electron transport chain (ETC). Sepsis impairs ETC complexes I II,
III, and IV (Singer, 2014; Singer, 2007; Brealey et al., 2002;
Levy and Deutschman, 2007), findings that correlate with nitric
oxide production and might reflect a sepsis-induced generation
of reactive oxygen species and other free radicals. Complexes II
and III activity in the quadriceps was the earliest mitochondrial
abnormality noted in septic rats—all complexes became
impaired at later time points (Peruchi et al., 2011). Complex IV
dysfunction also occurs early in rodents and can act as a
sensor—increased binding of free radicals such as NO can block
the access of oxygen to the heme moiety and shut down oxida470 Immunity 40, April 17, 2014 ª2014 Elsevier Inc.

tive phosphorylation (Levy and Deutschman, 2007; Verma et al.,
2009). In addition to impaired electron transport, mitochondrial
membranes become permeable, resulting in the leakage of cytochrome c, mitochondrial DNA, and other substrates from the
mitochondria into the cytosol. Damaged mitochondria and mitochondrial DNA can be removed by autophagy or can leak out of
cells, eventually accumulating in the bloodstream as DAMPs that
interact with innate immune cells (Nakahira et al., 2011; Zhang
et al., 2010). Under normal conditions, mitochondria can be replaced through biogenesis, which is enhanced in early experimental sepsis (Haden et al., 2007) but becomes deficient later
in the time course (C.S.D., data not shown). HMGB1 modulates
biogenesis to disrupt homeostasis (Tang et al., 2011). Autophagy
participates in antigen presentation by the major histocomptibilty complex (MHC) class II glycoproteins in dendritic cells,
can provide metabolic fuel during T cell development, and can
affect energy metabolism in lymphocytes (Tang et al., 2011).
The importance of this pathway has been the focus of recent
work showing that administration of anthracyclines in low doses
confers protection against severe sepsis lethality in mice by a
mechanism that is dependent on activation of DNA damage
responses and autophagy pathways, revealed by deletion of
the ataxia telangiectasia mutated and autophagy-related protein
7 expression (Figueiredo et al., 2013). This and other strategies
to restore mitochondrial membrane stability and bioenergetic
capacity can protect against organ dysfunction and prevent
death.
Mitochondrial dysfunction leading to depletion of ATP is a
major feature of severe sepsis and PCI. During energy depletion,
cells revert to their most primitive level of activity, expending
energy only to support activity that is essential for cell survival.
This comes at the expense of systemic homeostasis, because
individual cells regress to function like unicellular organisms—
maintaining intracellular homeostasis but no longer performing
their specialized function that is critical for interorgan homeostatic stability (Buchman, 2002; Gomez et al., 2014). Myocardial
cells do not contract appropriately (myocardial depression);
endothelial cells do not constrict (hypotension); the junctions
between cells fail (capillary leak); epithelial intracellular junctions
and endothelial interfaces are not maintained (barrier failure);
hepatocytes do not synthesize needed reactants and do not
detoxify endogenous or exogenous toxins (jaundice); renal
tubular cells do not properly resorb (electrolyte and water loss,
eventual shut down); transport across GI epithelial cells decreases; neurotransmission is impaired (peripheral neuropathy,
encephalopathy); and skeletal muscle contracts poorly (myopathy). Each of these hallmarks of failed cellular homeostasis is
a characteristic pathophysiological feature of severe sepsis
and PCI, and moreover, is also entirely consistent with microscopic immunohistochemical pathology findings. Postmortem
analysis of animal and human sepsis victims reveals that sepsis
does not produce appreciable cell death, that cell viability is
largely preserved, and that findings of cell death are primarily
limited to lymphocyte compartments (Singer, 2014). It can be
strongly argued that cellular energetic deficiencies impair the
ability of the nervous and immune systems to modulate and
coordinate physiological homeostasis and that there are
shared molecular mechanisms of bioenergetics in somatic and
hematopoietic cells.
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Impaired cellular energetics and mitochondrial dysfunction
such as occurs in sepsis activate inflammasomes (Figure 1). Inhibition or deletion of pro-caspase-1, caspase-1, or PKR interferes with inflammasome signaling and confers protection
against lethality in murine sepsis by inhibiting HMGB1 release
without suppressing antimicrobial mechanisms (Kayagaki
et al., 2011; Lamkanfi et al., 2010; Lu et al., 2012). Inflammasome
activation is also stimulated by increased production of palmitate and other free fatty acids that diminish the activity of
AMP- activated kinase (AMPK), an intracellular signal transduction mechanism that modulates energy biosynthesis and lipid
metabolism (McGettrick and O’Neill, 2013; Wen et al., 2012).
Impaired mitochondrial autophagy (‘‘mitophagy’’) results in
the intracellular persistence of dysfunctional mitochondria,
increased generation of reactive oxygen species, and the
release of cytochrome c and mitochondrial DNA into the cytosol
to activate the NLRP3 inflammasome. There are numerous examples of the intersection between metabolic substrates and
activation of PKR and inflammasomes, and other immune
response pathways that are the focus of the emerging field of
‘‘immunometabolism.’’ Recent findings from this field have
important implications for understanding the mechanisms of bioenergetics and barrier failure that likely drive the pathophysiology of organ dysfunction in severe sepsis and PCI.
Consider that the metabolic consequences of cellular activation are costly, requiring high rates of glycolysis, protein synthesis, and ATP. For instance, in macrophages or dendritic cells,
stimulation by endotoxin or HMGB1 increases glycolysis and
enhances lactate production (Tannahill et al., 2013). O’Neill and
colleagues, by using a metabolomic screen and microarray analysis, recently uncovered a shift from oxidative phosphorylation
to glycolysis (Tannahill et al., 2013). They observed increases
in glycolytic intermediates, pentose phosphate pathway activity,
and altered activity in the tricarboxylic acid (TCA) cycle that resulted in an increase in succinate. Elevated succinate inhibits
prolyl hydroxylase 2, the enzyme that catalyzes hydroxylation
of hypoxia inducible factor-1a (HIF-1a), leading to its degradation. Higher HIF-1a concentrations have profound effects on
the functional capacity of immune and somatic cells. In this
example, the critical metabolic substrate, succinate, also functions as a signaling molecule linking intracellular bioenergetics
and metabolism to immune responsiveness. These and other immunometabolic mechanisms can be activated by other DAMPs
such as nigericin, ATP, and uric acid crystals that can damage
mitochondria and thus decrease cellular NAD availability (Haneklaus et al., 2013; McGettrick and O’Neill, 2013; Wen et al., 2012)
with increased acetylation of tubulin, enhancing NLRP3 inflammasome activity. Different cell types are variably sensitive
to damage, activation, autophagy, ER stress, and programmed
cell death, reflected as the degree of tolerance to potentially
damaging stressors (Medzhitov et al., 2012). In sum, the bioenergetic state that develops during severe sepsis is characterized
by disruption of metabolic enzyme pathways and substrates
that, although primarily the catalysts and products of energy
cycles, protein turnover, and ER stress, also function as intracellular signaling molecules that regulate immunity and underlie
barrier failure.
Thus, we propose that severe sepsis occurs when bioenergetic mechanisms within the cell fail, leading to intercellular bar-

riers that fail, followed by failure of homeostatic interactions
between organ systems. Prior to the availability of modern critical care to support or even replace organ function, patients
died. As Tim Buchman noted, severe sepsis and PCI that
disrupt harmony and balance in ‘‘the community of the self’’
are a manifestation of widespread network failure (Buchman,
2002). As we have argued here, disrupted cellular bioenergetics
might represent a root mechanistic cause that generates testable hypotheses in immunometabolism to understand severe
sepsis and PCI. Under normal circumstances, individual organ
system function is intimately tied to that of other systems. For
example, renal function and cardiac performance must be
closely coordinated to optimize blood volume, and liver function needs to be attuned to skeletal muscle activity to assure
adequate metabolism of lactate. The small oscillations in normal
function observed in most biologic measurement, for example,
HRV, result from miniscule, second-to-second adjustments
to fine-tune this coupling. These oscillations reflect orderly
coupling via a communications network that includes the neural,
endocrine, and humoral (i.e., immune) systems (Buchman,
2002). Disruption of communication between organ systems results in an uncoupling of functional interactions. The systemic
failure of homeostasis is manifested as severe sepsis, and if it
persists, as PCI.
Research Questions and Therapeutic Possibilities
There remain critical gaps in our fundamental knowledge of
the role of immunity in severe sepsis and PCI, but advances in
immunometabolism and the molecular intersection of the nervous and immune systems are ripe for exploration. For example,
metabolic reprogramming during T cell activation is not uniform; rather, specific T cell lineages utilize mixed fuel oxidative
phosphorylation, aerobic glycolysis (utilizing a range of programs including mTor, HIF, or AMPK), or lipid oxidation as their
primary bioenergetic mechanism, depending upon their specific
lineage (McGettrick and O’Neill, 2013; Wen et al., 2012). Activation of the PI3K-Akt-mTOR pathway has been implicated in upregulating signaling through Glut1 to stimulate glycolysis and
anabolism. T cell costimulation is critical to the mechanisms
that fuel aerobic glycolysis, and failure to receive costimulation
attenuates glucose uptake and limits glycolysis. Acetylcholine
and other neurotransmitters regulate cell metabolism and modulate the activity of inflammasome signals (Lu et al., 2013). These
immunometabolic signals might provide additional insight into
T cell nonresponsiveness, also termed ‘‘exhaustion,’’ that can
result from chronic persistent antigen exposure during severe
sepsis or PCI. The exhausted T cells fail to provide protection
against infection, do not self-renew, and have attenuated cytokine production and cytolytic capacity. Impaired glucose metabolism might contribute to T cell exhaustion and anergy, which
may be central to understanding T cell anergy, apoptosis, and
exhaustion in severe sepsis.
A rapidly expanding field is the neurophysiological regulation
of immunity, which has produced discoveries of functional and
molecular mechanisms that have been clinically deployed with
vagus nerve stimulation to treat rheumatoid arthritis (Andersson
and Tracey, 2012c). In addition to systems biological approaches that are mapping interorgan oscillatory networks in animal models and in the clinic, basic advances in defining neural
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circuits have been extended beyond the inflammatory reflex
control of acute TNF. Several specific neural circuits have
recently been mapped and defined by anatomic and molecular
mechanisms. For example, the ‘‘gateway reflex’’ is activated
by skeletal muscle afferents that respond to metabolic activity
and culminates in efferent adrenergic signals that modulate
pathogenic T cell entry into the CNS via expression of endothelial
cell-derived chemokine CCL20 (Arima et al., 2012). This is a potential mechanism by which altered skeletal muscle metabolism
or decreased activity in bed-ridden, metabolically-stressed severe sepsis patients can modulate blood-brain barrier porosity
to inflammatory cells and mediators. Another reflex neural circuit
that is mediated by peripheral sensory stimulation culminates in
vagus nerve signals to the adrenal gland (Torres-Rosas et al.,
2014). The adrenal, in turn, responds by enhancing dopamine
release to suppress innate immunity. The use of adrenergic
and cholinergic modulators is widespread in severe sepsis, but
the influence of these interventions on the molecular mechanisms governing immunometabolism is not known. Moreover,
there have been a number of pharmacological approaches to
enhance anti-inflammatory neural circuits that are highly protective in animal models of sepsis. For instance, CNI-1493 (Semapimod), galatamine, and centrally acting M1 muscarininc receptor
agonists have all been shown to stimulate the inflammatory reflex, inhibit HMGB1 release, and confer protection against organ
dysfunction and death in animal models of severe sepsis. Further
functional, pharmacological, and molecular mapping of these
regulatory circuits seems warranted and timely.
Recent controversy regarding the reliability and relevance
of animal models of sepsis has not dampened enthusiasm
for dissecting pathogenic mechanisms (Ward and Bosmann,
2012). As noted above, early work in rodent models of shock
has generated selective biological agents that are clinically
approved to inhibit inflammation in millions of patients. Animal
models are necessary in order to understand the in vivo interactions between the nervous and immune systems, to reveal
mechanisms of barrier functionality, and to assess the activity
of cellular energetics in the context of systemically impaired
homeostasis. It has been known since the early 1980s that the
acute animal models represent a spectrum of disorders that
occurs prior to the time the patients will arrive for care, and
that targeting early mediators in these patients after the fact is
like closing the barn door after the animals have fled (Tracey
et al., 1987). The identification of HMGB1 as a mediator of autophagy, barrier failure, and cognitive function in animal models
that survive severe sepsis raises testable hypotheses about
intervening late in pathogenesis (Chavan et al., 2012). A role of
late mediators in disrupting barrier function and cell energetics
is being pursued in acute and chronic surviving animal models.
For example, the persistent elevation of serum HMGB1 concentrations lasting for weeks or longer has been identified in murine
models and human sepsis survivors, and administration of
anti-HMGB1 antibodies restores cognitive and immunological
functions (Chavan et al., 2012; Angus et al., 2007). There is
a tremendous opportunity and need to use long-term animal
models to examine the molecular mechanisms underlying the
debilitating neurological and immunological impairments limiting
recovery for the more than 500,000 patients who will survive
sepsis each year. Recent data implicating enhanced expression
472 Immunity 40, April 17, 2014 ª2014 Elsevier Inc.

of TNF and IL-1 in the hippocampus as a result of persistently
elevated HMGB1 in survivors indicate that, by intervening to
inhibit this mediator during recovery, it might be possible to limit
sepsis-induced defects in cognition and immune function.
Concluding Remarks
Acute septic shock is an immunopathology, mediated by
excessive TNF release, that represents a small proportion of
larger population of patients with sepsis. Timely administration
of antibiotics, fluids, and oxygen to patients with sepsis or
severe sepsis has lowered the mortality rate, although this
has not prevented or reversed the development of PCI, which
is often associated with ‘‘immunosuppression.’’ We suggest
that severe sepsis and PCI are not immunopathologies but
represent a failure of homeostasis that results from dysfunction
of the neuroendocrine and immune systems—the two major
systems that maintain healthy intercommunication between
organs. The afferent and efferent components of both systems
are impaired in severe sepsis and PCI by molecular and cellular
mechanisms that are currently the focus of active research. The
major unanswered questions about the onset and persistence
of cellular dysfunction and organ failure, which are the ultimate
causes of death, center on the immunometabolic signaling
pathways that impair cell function. These mechanisms likely
underlie the failure of intracellular barriers and immunity. It is
plausible that shared molecular mechanisms of apoptosis,
autophagy, bioenergetics, and cell stress are operative in
somatic cells and hematopoietic cells. The opportunity to delineate these molecular mechanisms holds promise to deliver
future therapies based on understanding the fundamental
mechanisms of failed homeostasis and how these characterize
severe sepsis and PCI.
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